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An enhancement of h y d r o p h i l i c i t y  for c h l o r i d e d  aluminas has  been demon- 
s t ra ted  by t h e  r e s u l t s  o b t a i n e d  f r a n  gaseous H20 s o r p t i o n s  a t  70-, 80-, and 
86-percent re la t ive humidi ty  on a lpha  and gamma aluminum o x i d e  p a r t i c u l a t e s  
and on  a lpha  and gamma aluminum ox ide  p a r t i c u l a t e s  w i t h  a chemisorbed s u r f a c e  
c h l o r i d e  phase (produced by r e a c t i o n s  of gaseous H C 1  + H20 on alumina) .  Con- 
t i n u o u s  s o r p t i o n  h i s t o r i e s  for H20 on c h l o r i d e d  aluminas having specif i c  sur- 
face areas t h a t  r ange  fran 7 to 227 m2/g before  c h l o r i d i n g  i n d i c a t e d  t h a t  
i n i t i a l  s o r p t i o n  ra tes  were d i r e c t l y  l i n k e d  t o  t h e  e x t e n t  of chemisorbed 
c h l o r i d e d  coverage and impl i ed  t h e  same r e l a t i o n s h i p  for s o r p t i o n  capacities. 
The i n i t i a l  s o r p t i o n  r a t e  on  c h l o r i d e d  aluminas w a s  found t o  be s l cwer  f o r  t h e  
f i r s t  exposure t o  H20 t h a n  for subsequent  exposures  (which reached e q u i l i b r a t e d  
H20 coverages much f a s t e r ) ,  sugges t ing  t h a t  l'slow'l chemical r e a c t i o n s  between 
H20 and c h l o r i d e d  alumina may have been o p e r a t i v e  d u r i n g  i n i t i a l  exposures .  
Chlor ided alumina particles were found t o  remain v e r y  h y d r o p h i l i c  ( r e l a t i v e  
to  nonchlor ided ana logs )  f o r  s e v e r a l  H20 s o r p t i o n / d e s o r p t i o n  c y c l e s .  
These r e s u l t s  shou ld  p o i n t  o u t  t h e  need for a better understanding of t h e  
n a t u r e  of s o l i d - p r o p e l l a n t  rocket-motor exhaus t  alumina ( i n  par t icular ,  su r -  
face properties) s i n c e  many l o n g  term ( s e v e r a l  days)  environmental  impacts may 
be s i g n i f i c a n t l y  in f luenced  by s u r f a c e  c h a r a c t e r i s t i c s .  
INTRODUCTION 
Hydrogen c h l o r i d e  (HC1) and aluminum o x i d e  (Al2O3) are pr imary e x h a u s t  
products of ammonium p e r c h l o r a t e  based s o l i d - p r o p e l l a n t  rocket motors (SRM) . 
The i m p a c t  of t h e s e  exhaus t  products on t h e  environment,  p a r t i c u l a r l y  i n  t h e  
q u a n t i t i e s  c a l c u l a t e d  t o  be released by t h e  Space S h u t t l e  boosters ( ref .  1 1 ,  
is of concern t o  t h e  N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion .  C u r r e n t l y ,  
time-dependent a n a l y t i c a l  models are used t o  predict  a tmospheric  d i s p e r s i o n  
and s p e c i a t i o n  of SRM exhaus t  p roduc t s .  These models r e l y ,  i n  part ,  on chem- 
ica l  inpu t  parameters t o  predict environmental  i m p a c t s .  Consequently,  t h e  
behavior of p o t e n t i a l l y  r e a c t i v e  chemical systems such  as  HC1 an? A1203 i n  t h e  
p re sence  of H20 is e s s e n t i a l  to  a c c u r a t e  model p r e d i c t i o n s .  
P rev ious  work  (ref. 2) c h a r a c t e r i z e d  t h e  s o r p t i o n s  of gaseous HCl/H2O 
mix tu res  i n  n i t r o g e n  (N2) o n  samples of ca l c ina t ion -p roduced  alumina a t  roan 
t empera tu res  and p r e s s u r e s  (RTP). The resu l t s  i n d i c a t e d  t h a t  H20 s o l u b l e  
aluminum sa l t s  ( c h l o r i d e s  and/or o x y c h l o r i d e s )  were formed on  t h e  s u r f a c e  
of t h e  alumina as t h e  r e s u l t  of gas - so l id  H20/HCl/A1203 r e a c t i o n s .  Steady- 
s t a t e  chemisorbed coverages of H20 + HC1 (=l mg/m2) were observed i n  quan- 
t i t i es  which were cons ide red  s u f f i c i e n t  to  a l t e r  t h e  s u r f a c e  properties of 
bo th  gamma and a l p h a  alumina particles. 
S i n c e  t h e s e  c r y s t a l l i n e  phases  have been i d e n t i f i e d  i n  SRM e x h a u s t  
(refs. 3 and 4) and s i n c e  a r e a s o n a b l e  l i k e l i h o o d  e x i s t s  t h a t  t h e s e  phases  
w i l l  become "chlor ided"  (refs. 2 and 41, a s t u d y  was undertaken to  c o n t r a s t  
t h e  h y d r o p h i l i c  behavior  of c h l o r i d e d  alumina particulates wi th  e q u i v a l e n t  
nonchlor ided  particles. T h i s  work w i l l  f o c u s  on t h e  s o r p t i o n  behavior  of 
H20 on  c h l o r i d e d  alumina and is viewed as a logical  e x t e n s i o n  of t h e  p rev ious  
s t u d y  which c h a r a c t e r i z e s  t h e  s imul taneous  s o r p t i o n s  of €IC1 + H20 mixtures  on  
"pure" alumina. I n  a n  aged SRM exhaus t  (i.e., when gaseous HC1 c o n c e n t r a t i o n s  
have been great ly  reduced through a tmospher ic  d i l u t i o n ) ,  a tmospheric  H20 i n t e r -  
a c t i o n s  wi th  p a r t i c u l a t e  alumina may be s i g n i f i c a n t l y  altered by surface chlo- 
r ide coverages. Nuc lea t ion  mechanisms, as w e l l  as condensa t ion  and growth 
processes i n  a tmospher ic  SRM aerosols, may u l t imate ly  be largely in f luenced  by 
t h e  c h a r a c t e r  and composition of t h e  par t icu la te  s u r f a c e .  Water sorption on  
ch lo r ided  alumina,  t h e r e f o r e ,  should be of p a r t i c u l a r  i n t e r e s t  to t h o s e  con- 
cerned  w i t h  i n a d v e r t e n t  weather  m o d i f i c a t i o n  r e s u l t i n g  from l a r g e  amounts of 
SRM exhaus t .  
 P r e p a r a t i o n  C r y s t a l l i n e  ph se 
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A gravimetric s o r p t i o n  technique  was used for t h i s  study. An electrobal- 
ance  f i t t e d  w i t h  b o t h  d i g i t a l  and s t r ip-char t - recorder  readout  was used to  
con t inuous ly  record weight  g a i n s  (or losses) du r ing  sample so rp t ion /deso rp t ion  
h i s t o r i e s .  A schemat ic  of t h e  exper imenta l  system is shown i n  f igure 1 .  A l l  
s o r p t i o n s  were conducted a t  roan temperature  (maintained between 22O and 25O C)  
and ambient  laboratory p res su res .  The background n o i s e  leve l  €or t h e  microbal- 
ance  system was determined to  be k3 m g .  
Alumina  P r e p a r a t i o n  
The p r e p a r a t i o n  and c h a r a c t e r i z a t i o n  of aluminas used i n  t h e s e  exper iments  
are covered i n  d e t a i l  i n  t h e  HCl/H20 s o r p t i o n  s t u d i e s  ( ref .  2 ) .  A brief summary 
of t h e  a l u m i n a s  used i n  t h i s  report appears i n  t ab l e  I. 
TABLE I.- CHARACTERIZATION OF ALWINAS 
Alumina p r e p a r a t i o n s  were analyzed by X-ray d i f f r a c t o m e t r y  to conf i rm crystal-  
l i n e  var ie ty ,  and BET surface areas were determined by low-temperature N2 
2 
a d s o r p t i o n  (work by R .  R .  B a i l e y  and J .  P .  Wightman a t  V i r g i n i a  Po ly techn ic  
I n s t i t u t e  and S t a t e  U n i v e r s i t y ) .  
Sample P r e p a r a t i o n  
Alumina p a r t i c u l a t e s  were d i spe r sed  i n  a closed v e s s e l  by using a b l a s t  of 
d r y  n i t r o g e n  and were al lowed t o  se t t le  uniformly over  a 12-mm-diameter plat inum 
pan, which was then qu ick ly  p laced  i n  the  1 .1  1 exposure chamber and desorbed 
i n t o  a cont inuous f low (300 cm3/min) of h igh-pur i ty  n i t r o g e n .  The chamber 
and associated suppor t ing  apparatus were Pyrex. A l l  samples t e s t e d  had an  
i n i t i a l  weight of approximate ly  1 mg, except t h o s e  f r a n  p r e p a r a t i o n  7 f o r  which 
l a r g e r  (1.3 mg) samples were d e s i r a b l e  because they  produced weight ga ins  t h a t  
were easier t o  a c c u r a t e l y  measure. A f t e r  3 t o  4 hours  of deso rp t ion  i n t o  d r y  
n i t rogen ,  which produces a r e p r o d u c i b l e  i n i t i a l  r e f e r e n c e  s ta te ,  sample prepara- 
t i o n  w a s  complete. A t  t h i s  p o i n t ,  t h e  prepared  nonchlor ided  sample w a s  exposed 
to  t h e  a p p r o p r i a t e  gas  mix tu res  f o r  t h e  so rp t ion /deso rp t ion  his tograms.  
C h lo r  i d i  ng Pret r eatment 
Samples of alumina were prepared as p r e v i o u s l y  desc r ibed  and then  exposed 
to  gaseous H 2 0 / H C l / N 2  mix tu res  t h a t  were genera ted  by pass ing  150 cm3/min ( a l l  
f low rates s ta ted  i n  s t anda rd  cm3/min) of N 2  through a "source bubbler" con- 
t a i n i n g  6-molar hydroch lo r i c  acid. An a d d i t i o n a l  50 cm3/min of d r y  N2  w a s  f e d  
through t h e  balance head i n t o  t h e  exposure chamber to prevent  d i f f u s i o n  of  HC1 
i n t o  t h e  balance e l e c t r o n i c s .  The o u t p u t  c o n c e n t r a t i o n  of H C 1  w a s  experimen- 
t a l l y  measured i n  p rev ious  experiments  (ref. 2 ) ,  and s t e a d y - s t a t e  chamber con- 
c e n t r a t i o n s  f o r  H C 1  and H20 were c a l c u l a t e d  t o  be 300 and 1 7  500 ppm, respec- 
t i v e l y .  S ince  each alumina p r e p a r a t i o n  was demonstrated ( r e f .  2)  to  have a 
d e f i n i t e  maximum s u r f a c e  c h l o r i d i n g  c a p a c i t y ,  samples were e i t h e r  (1) a l lowed 
t o  r each  s t e a d y - s t a t e  coverage and then desorbed i n t o  N2 to  produce a saturated 
c h l o r i d e  coverage or (2) were desorbed be fo re  r each ing  s t e a d y  s t a t e  t o  produce 
a f r a c t i o n a l  chemisorbed chloride coverage. Chlor ided  samples i n  t h i s  t e x t  w i l l  
be r e f e r r e d  t o  as e i t h e r  f u l l y  c h l o r i d e d  or as sme percen t  ch lo r ided .  T h i s  
canp le t ed  t h e  p r e c h l o r i d i n g  t r ea tmen t ,  and samples were then  exposed to  gaseous 
H20/N2 mixtures  f o r  subsequent  h y d r o p h i l i c i t y  informat ion .  Reference weights  
(Wo given  i n  mg), f r a n  which pe rcen t  weight ga ins  were canputed f o r  subsequent  
H20 exposures, a r e  p re sen ted  for each run  i n  t h e  a p p r o p r i a t e  f i g u r e s .  
Water V a p o r  Mixtures  
Gaseous mix tu res  of water  vapor i n  n i t r o g e n  were gene ra t ed  by f i r s t  p a s s i n g  
150 cm3/min of N2 through t h e  source bubbler which conta ined  d i s t i l l e d  water 
i n s t e a d  of hydroch lo r i c  acid and by then  f e e d i n g  t h e  e f f l u e n t  i n t o  t h e  expo- 
sure chamber. Flows (1 5, 25, or 50 cm3/min) of a d d i t i o n a l  d r y  N2 d i l u e n t  were 
added t o  t h e  pr imary source  o u t p u t  through t h e  ba lance  head ( f i g .  1) and were 
assumed t o  mix thoroughly  i n  t h e  exposure chamber. T h i s  f u r n i s h e d  a method f o r  
a d j u s t i n g  chamber humid i t i e s  wh i l e  p r o t e c t i n g  v i t a l  ba lance  e l e c t r o n i c s  from 
e x c e s s i v e  m o i s t u r e  or from HC1 i n  t h e  p r e c h l o r i d i n g  t r ea tmen t .  
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Humidity measurements were made a t  t h e  e x i t  p r t  of the  exposure  chamber 
( f i g .  1 )  with a dewpoint hygrane te r  t h a t  was equipped wi th  an aluminun o x i d e  
senso r  probe. R e s p n s e  t i m e  w a s  given as less than 5 sec f o r  a 63-percent 
change i n  m o i s t u r e  f o r  t h i s  probe. Time-dependent r e l a t ive -humid i ty  (R.H.) 
cu rves  for t h e  chamber w i t h  15r  25, and 50 cm3/min d i l u e n t  f l aws  of N2 are  
shown i n  f i g u r e  2. S t e a d y - s t a t e  humid i t i e s  are a p p a r e n t l y  reached i n  about  
3 h r  (180 min) for a l l  cases. The curve  t h i c k n e s s  r e p r e s e n t s  t h e  s p r e a d  i n  rela- 
t i v e  humidity t h a t  is o b t a i n e d  f r a n  three i n d i v i d u a l  r u n s  a t  each p r e s c r i b e d  
d i l u e n t  f low rate. A r i t h m e t i c  mean s t e a d y - s t a t e  h u m i d i t i e s  f o r  t h e  15, 25, and 
50 cm3/min d i l u e n t  f lows  were determined to be 86, 80, and 70, r e s p e c t i v e l y .  
Relative-humidi ty  r e a d i n g s  were n o t  taken  d u r i n g  sample exposure runs  s i n c e  even 
trace q u a n t i t i e s  of gaseous  HC1 were cons idered  p o t e n t i a l l y  d e s t r u c t i v e  t o  t h e  
sensor probe. Humidity measurements were made w i t h  an unloaded weighing pan 
whi le  a l l  o t h e r  parameters  were he ld  i d e n t i c a l  to  ac tua l  exposure c o n d i t i o n s .  
For convenience and s i m p l i c i t y ,  the  e q u i l i b r a t e d  chamber humid i t i e s  f o r  runs  
using 15, 25, or 50 cm3/min of N 2  d i l u e n t  w i l l  be r e f e r r e d  to  as 86-, 80-, and 
70-percent s a t u r a t i o n s ,  r e s p e c t i v e l y ,  even though 53-percent d e v i a t i o n s  i n  rela- 
t i v e  humidity should  be expec ted  among i n d i v i d u a l  r u n s .  
Corrections f o r  H20 adso rp t ion  on t h e  empty weighing pan and s u p p o r t i n g  
appa ra tus  were i n s i g n i f i c a n t  excep t  wi th  l o w s u r f a c e  area p r e p a r a t i o n  7 alumina 
which ga ined  v e r y  l i t t l e  weight and du r ing  i n i t i a l  exposure times (<60 min) on 
t h e  remaining batches.  
Mu1 ti p l  e Expos u r  es 
M u l t i p l e  water exposure  c y c l e s  were conducted on alumina samples as fol- 
l o w s :  Ch lo r ided  (or nonchlor ided)  samples were i n i t i a l l y  exposed to  water vapor 
as p r e v i o u s l y  d e s c r i b e d  and then  desorbed i n t o  d r y  n i t r o g e n  u n t i l  no measurable  
weight loss r e s u l t e d  ( t y p i c a l l y  3 hr (180 m i n ) )  . Samples were then reexposed to 
a second water s o r p t i o n / d e s o r p t i o n  cyc le .  Th i s  procedure  was r e p e a t e d  for as 
many c y c l e s  as were d e s i r e d .  
was t h e  weight r e t a i n e d  from t h e  prior cyc le .  
The r e f e r e n c e  weight  f o r  each s u c c e s s i v e  exposure  
RESULTS AND DISCUSSION 
F i  rs t Expos ur es 
The s o r p t i o n  behavior f o r  12 i n d i v i d u a l ,  nonchlor ided  alumina samples 
exposed to water vapor a t  70-, 80-, and 86-percent r e l a t i v e  humidity is shown 
i n  f i g u r e s  3 t o  6. A l l  four  alumina p r e p a r a t i o n s  used f o r  t h i s  s t u d y  are rep- 
r e s e n t e d  i n  t h e s e  f i g u r e s .  As expec ted ,  e q u i l i b r a t e d  weight ga ins  can be s e e n  
t o  i n c r e a s e  w i t h  i n c r e a s i n g  exposure  humidity. Rates  of weight g a i n  appear 
i n i t i a l l y  h igher  f o r  higher  exposure h u m i d i t i e s .  E q u i l i b r a t e d  H 2 0  coverages  
for t h e s e  p r e p a r a t i o n s  a t  t h e i r  r e s p e c t i v e  humid i t i e s  are g iven  i n  t a b l e  11. 
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TABLE 11.- STEADY-STATE WATER COVERAGES ON NONCHLORIDED ALUMINAS 
Sur face  coverage  
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Although t h e  o v e r a l l  t r e n d  toward h ighe r  coverages a t  h ighe r  humid i t i e s  is evi-  
d e n t  i n  t a b l e  11, s p e c i f i c  s o r p t i o n s  among t h e  i n d i v i d u a l  p r e p a r a t i o n s  appear 
t o  va ry  randomly a t  t h e  d i f f e r e n t  r e l a t i v e  humid i t i e s .  N o  attempt w i l l  be made 
to e x p l a i n  t h i s  v a r i a n c e .  
The s o r p t i o n s  of t h r e e  f u l l y  c h l o r i d e d  samples of p r e p a r a t i o n  9 alumina 
are shown i n  f i g u r e  7 a t  70-, 80-, and 86-percent r e l a t i v e  humidity.  Water 
coverage  a t  each humidity a p p e a r s  s i g n i f i c a n t l y  i n c r e a s e d  on t h e s e  f u l l y  ch lo-  
r i d e d  samples when canpared wi th  nonchlor ided  c o u n t e r p a r t s  ( f i g .  6) a t  equiv- 
a l e n t  t i m e s .  N o  tendency f o r  t h e s e  f u l l y  c h l o r i d e d  samples to  r each  s teady-  
s t a t e  coverage  is d i s c e r n i b l e .  
F igu re  8 shows t h e  s o r p t i o n  behavior  of H20 a t  70-percent r e l a t i v e  humid- 
i t y  on t h r e e  d i f f e r e n t  samples ( f u l l y  c h l o r i d e d ,  76-percent c h l o r i d e d ,  and 
55-percent c h l o r i d e d )  of p r e p a r a t i o n  9 alumina. These results i n d i c a t e  an 
i n c r e a s i n g  rate of water s o r p t i o n  (and s u g g e s t  an i n c r e a s e d  c a p a c i t y )  coupled 
to t h e  e x t e n t  of chemisorbed c h l o r i d e  coverage f o r  t i m e  t 6 20 hr  (1 200 min) .  
S t e a d y - s t a t e  H 2 0  coverages  w o u l d  be a n t i c i p a t e d  to i n c r e a s e  wi th  i n c r e a s i n g  
s u r f a c e  c h l o r i d e  c o n t e n t  i f  it is assumed t h a t  a hygroscopic  aluminum c h l o r i d e /  
oxych lo r ide  s a l t  r e s u l t s  €ran t h e  c h l o r i d i n g  procedure. 
D a t a  from t h e  above runs,  as w e l l  as a d d i t i o n a l  d a t a  a t  86-percent rela- 
t i v e  humidity, are p l o t t e d  i n  f i g u r e s  9 and 10 to f u r t h e r  emphasize t h e  rela- 
t i o n s h i p  between r e l a t i v e  h y d r o p h i l i c i t y  and t h e  e x t e n t  of c h l o r i d e  coverage 
a t  s e v e r a l  des igna ted  times. 
I 
Steady- s t a t e  water "uverages were n o t  determined f o r  m o s t  c h l o r i d e d  sam- 
ples of  alumina s i n c e  weight  g a i n s  u s u a l l y  ex tended  w e l l  beyond t h e  t i m e  
frames cons ide red  a p p l i c a b l e  to  a tmospher ic  SRM i n t e r a c t i o n s .  That is, rela- 
t i v e l y  c o n s t a n t  h u m i d i t i e s  would no t  be a n t i c i p a t e d  i n  actual  SBM c l o u d s  €or 
such extended pe r iods .  A f u r t h e r  example of t h i s  is shown i n  f i g u r e  11, where 
weight g a i n  is d e p i c t e d  ex tend ing  to  100 hr (6000 min) on p r e p a r a t i o n  6 alumina 
t h a t  is  exposed to water a t  86-percent r e l a t i v e  humidity.  
The sorption h i s t o r i e s  of H20 a t  70-percent r e l a t i v e  humidi ty  on a f u l l y  
c h l o r i d e d  and a nonchlor ided  sample of a lpha  alumina are shown i n  f i g u r e  12.  
The r e s u l t  of p r e c h l o r i d i n g  is apparent. Surf ace coverages (near  equ i l ib r ium)  
of water have inc reased  by a f a c t o r  of 3.5. I t  is worth no t ing  t h a t  nonchlo- 
r i d e d  samples t y p i c a l l y  r each  s t e a d y - s t a t e  H20 coverages w i t h i n  s e v e r a l  hours  
a l though c h l o r i d e d  samples more f r e q u e n t l y  require much longe r  pe r iods  of t i m e .  
I n  f a c t ,  samples of p r e p a r a t i o n  7 alumina were t h e  o n l y  c h l o r i d e d  samples 
reaching  s t e a d y  s ta te  wi th in  20 hr (1200 min) of a f i rs t  water exposure.  
More typical behavior  f o r  t h e  h igher  surface area aluminas is shown i n  
f igure 13  where a 65-percent p rech lo r ided  sample of p r e p a r a t i o n  3 alumina 
r e q u i r e d  approximate ly  50 h r  (3000 min)  t o  r each  s t e a d y - s t a t e  H20 coverage a t  
86-percent r e l a t i v e  humidi ty .  S ince  most runs  were te rmina ted  a f t e r  20 hr  
(1200 min),  l i t t l e  d a t a  w e r e  t aken  t h a t  c o u l d  be used to  c h a r a c t e r i z e  
s t e a d y - s t a t e  H20 coverages du r ing  t h e  f i r s t  exposure.  
M u l t i p l e  Exposures 
S ince  i n d i v i d u a l  par t iculates  i n  an atmospheric  a e r o s o l  may expe r i ence  
h igh ly  v a r i a b l e  re la t ive  humid i t i e s  dur ing  t h e  h i s t o r y  of t h e  aerosol, experi- 
ments were conducted to determine whether s i g n i f i c a n t  changes i n  t h e  s o r p t i o n  
c h a r a c t e r i s t i c s  f o r  H20 on c h l o r i d e d  alumina would r e su l t  from m u l t i p l e  
so rp t ion /deso rp t ion  c y c l e s .  Although t h e  r e l a t i v e  humid i t i e s  t h a t  were reached 
a f t e r  deso rp t ion  i n t o  N2 f o r  t h e s e  experiments  would n o t  be expected i n  atmo- 
s p h e r i c  aerosols, "zero" humidi ty  was expe r imen ta l ly  d e s i r a b l e  s i n c e  it f u r -  
n i shed  a wel l -def ined s t a t i o n a r y  r e f e r e n c e  p o i n t  and al lowed t h e  comparison 
of canplete s o r p t i o n  h i s t o r i e s  among a l l  runs .  The resul ts  of one such expe r i -  
ment are shown i n  f i g u r e s  14 and 15. The p r e c h l o r i d i n g  h i s t o r y  i s  inc luded  
i n  f igure 14, and a f t e r  deso rp t ion  i n t o  d r y  N2, a 23-percent chemisorbed weight 
g a i n  (92 p e r c e n t  of s a t u r a t e d  coverage)  r e s u l t e d .  The va lv ing  w a s  then  
changed and t h e  sample exposed to  i t s  f i r s t  H20 c y c l e  a t  70-percent r e l a t i v e  
humidity.  The sample was desorbed i n t o  N2 and reexposed t o  water  vapor a t  
80-percent r e l a t i v e  humidity.  The process w a s  r epea ted  f o r  s i x  c y c l e s  ( l abe led  
i n  f i g s .  1 4  and 15) a t  t h e  noted humid i t i e s  and involved  over  115 h r  (6900 m i n )  
of exposures .  I t  is s i g n i f i c a n t  t h a t  t h e s e  c h l o r i d e d  samples r e t a i n e d  t h e i r  
h y d r o p h i l i c  n a t u r e  r e l a t i v e  to  t h e i r  nonchlor ided c o u n t e r p a r t s  f o r  many c y c l e s  
invo lv ing  many hours .  Add i t iona l  ev idence  suppor t ing  t h e  r e t e n t i o n  of hydro- 
p h i l i c  c h a r a c t e r  a f t e r  m u l t i p l e  so rp t ion /deso rp t ion  c y c l e s  is presented  i n  f i g -  
u re  16, where a f u l l y  c h l o r i d e d  sample of p r e p a r a t i o n  3 alumina was exposed t o  
t h r e e  water cyc le s .  The second exposure can c l e a r l y  be seen t o  produce a more 
r a p i d  weight g a i n  than  t h e  f i r s t .  Samples exposed to  m u l t i p l e  H20 c y c l i n g  
appeared t o  r each  s t e a d y - s t a t e  weight g a i n s  more r a p i d l y  than  t h e i r  s i n g u l a r l y  
exposed c o u n t e r p a r t s  and d i sp layed  higher  i n i t i a l  s o r p t i o n  r a t e s .  Th i s  can be 
seen  by comparing f i g u r e s  1 4  and 15  wi th  f i g u r e s  8 and 10  ( f o r  p r e p a r a t i o n  9 
alumina) and f i g u r e  13  wi th  f i g u r e  16 ( f o r  p r e p a r a t i o n  3 a lumina) .  Steady-  
s t a t e  water coverages were reached i n  t i m e  frames p r o g r e s s i v e l y  approaching 
those  observed with t h e  nonchlor ided samples. (See f i g s .  3 and 6.) 
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Steady- s t a t e  H20 coverages  for t h e s e  d a t a  a r e  l i s t e d  i n  t a b l e  111. 
R e 1  a ti ve humidi ty  , 
TABLE 111.- STEADY-STATE H20 COVERAGES 
Surf ace cover age , mg/m2 , 
for p r e p a r a t i o n  - 
9 I 3 
7 0  
80 
86 
1 .5  
2.6 
4.4 
I t  seems reasonab le  to s u g g e s t  t h a t  " s l o w "  chemical  r e a c t i o n s  of H20 wi th  
c h l o r i d e d  aluminas a r e  r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e s  between success ive  water 
exposures .  S i n c e  it has been sugges ted  (ref. 2) t h a t  aluminum c h l o r i d e s  and 
oxychlor ides  form on t h e  s u r f a c e  of alumina exposed to  gaseous H C 1  + H20 mix- 
t u r e s  and t h a t  s p e c i a t i o n  is p o t e n t i a l l y  l i n k e d  to a c i d i t y ,  slow convers ion  of 
c h l o r i d e s  to  oxych lo r ides  or oxychlor ides  to  "h ighe r  oxychlor ides"  i n  a less 
a c i d i c  environment ( p a r t i c l e s  e q u i l i b r a t i n g  wi th  H20 r a t h e r  t h a n  H20 + HC1 mix- 
t u r e s )  would n o t  be improbable.  By careful  examinat ion of f i g u r e s  14, 15,  
and 1 6 ,  most of t h e  r e a c t i o n s  can be deduced to occur  p r i m a r i l y  du r ing  t h e  f i r s t  
H20 exposure cyc le .  That is, i n  f i g u r e s  14  and 15,  t h e  second and f i f t h  H20 
c y c l e s  a t  80-percent r e l a t i v e  humidi ty  are ve ry  similar i n  cu rve  shape  w h i l e  
t h e  t h i r d  and s i x t h  exposures  are n e a r l y  e q u i v a l e n t .  The s o r p t i o n  cu rves  for 
t h e  f i r s t  and f o u r t h  s o r p t i o n s ,  however, are s i g n i f i c a n t l y  d i f f e r e n t .  The gen- 
e ra l  shape of t h e  s o r p t i o n  cu rves  for f i r s t  and second exposures  a t  80-percent 
r e l a t i v e  humidi ty  on p r e p a r a t i o n  3 alumina ( f i g .  1 6 )  t e n d s  to  v e r i f y  t h e  r e s u l t s  
observed i n  f i g u r e s  14  and 15. E a r l y  s o r p t i o n  is a p p a r e n t l y  r e t a r d e d  d u r i n g  
t h e  f i r s t  exposure .  
The f i r s t  and second s o r p t i o n s  of H20 a t  70-percent r e l a t i v e  humidi ty  on 
a nonchlor ided  sample of p r e p a r a t i o n  3 alumina a re ' shown i n  f i g u r e  1 7 .  Here, 
as wi th  t h e  c h l o r i d e d  samples, t h e  second s o r p t i o n  appea r s  i n i t i a l l y  acceler- 
ated.  T h i s  o b s e r v a t i o n  would have been sanewhat unexpected i f  chemisorp t ion  of 
H20 on nonchlor ided  aluminas ( r e f .  3) had n o t  been p r e v i o u s l y  demonstrated 
(i.e.,  H20 coverages (-0.1 mg/m2) t y p i c a l l y  abou t  one-tenth t h a t  of t h e  chemi- 
sorbed coverages r e s u l t i n g  from HC1 + H20 exposures) .  Again, s l o w  chemical  
r e a c t i o n s  between alumina and H20 (e.g., h y d r a t i o n s )  are sugges ted  as an  
exp lana t ion  of t h i s  s o r p t i o n  phenomena. 
CaWLUDING REMARKS 
Ekperimental  r e s u l t s  have demonstrated t h a t  aluminum oxide  p a r t i c u l a t e s  
w i th  a chemisorbed s u r f a c e  c h l o r i d e  phase are more h y d r o p h i l i c  t han  t h e i r  non- 
c h l o r i d e d  c o u n t e r p a r t s .  R e s u l t s  have been p r e s e n t e d  t h a t  i n d i c a t e  t h e  s o r p t i o n  
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rate for water on the particulates is linked to the extent of chloriding and 
imply the same relationship for sorption capacities. Although water sorptions 
on nonchlorided samples at given humidities generally equilibrated within 
several hours, chlorided alumina, when first exposed to water vapor, rarely 
equilibrated within typical exposure times (24 hr (1 440 min) ). Slow chemical 
reactions of sorbed water with chlorided alumina have been suggested to explain 
this behavior. 
sorption/desorption cycles (-20 hr/cycle), however, equilibration times pro- 
gressively approached those observed on nonchlorided samples. Usually by the 
third exposure, equilibration times had become nearly identical and suggest the 
diminishing importance of H20 reactions. Relative to nonchlorided samples, 
however, chlorided samples still remained very hydrophilic for as many as six 
H20 cycles involving over 115 hr (6900 min) of exposures. 
When chlorided alumina samples were exposed to several H20 
It is hoped that this work has demonstrated that chlorided SRM.exhaust 
alumina could interact differently with atmospheric H20 than its nonchlorided 
analog. Therefore, the use of data derived from "pure" alumina particulates 
may be inadequate for predicting H2O-particle interactions in solid-propellant 
rocket motor (SRM) exhaust aerosols. Although these results are not complete 
enough to integrate into a quantitative scheme predicting SRM aerosol behavior, 
the need for better characterization of the surface properties of SRM exhaust 
alumina has been demonstrated. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
September 15, 1978 
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Figure 9 . -  Percentage weight g a i n  for H 2 0  sorpt ions  a s  a funct ion of i n i t i a l  
prechloriding coverage f o r  s e l e c t e d  times i n  sorption h i s t o r i e s  a t  
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F i g u r e  10.- Percen tage  weight g a i n  for H20 s o r p t i o n s  as a f u n c t i o n  of 
p r e c h l o r i d i n g  coverage for s e l e c t e d  t i m e s  i n  sorption h i s t o r i e s  















O 0  
0 0 
0 
0 0 O 0  
0 
I I I I I 1 1 1 1 1 1 1 
0 15 30 60 90 150 300 600 900 1500 3000 6000 9000 
t ,  min 
Figure 11.- Water so rp t ion  on f u l l y  ch lor ided  p repa ra t ion  6 alumina 
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Figure 17.- F i r s t  and second water exposure cycles on nonchlorided 
preparation 3 alumina a t  70-percent r e l a t i v e  humidity. 
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